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Supporting NASA’s Science Mission Directorate, the In-Space Propulsion Technology
Program is developing the next generation of space propulsion technologies for robetic,
deep-space exploration. Recent technological advancements and demonstrations of key,
high-payoff propulsion technologies have been achieved and will be described. Technologies
under development and test include aerocapture, solar electric propulsion, solar sail
propulsion, and advanced chemical propulsion.

I. Introduction

HE In-Space Propulsion Technology (ISPT) Program is in its fifth year and significant strides have been made

in the advancement of key transportation technologies that will enable or enhance future robotic science and
-deep space exploration missions. At the program’s inception, a set of technology investment priorities were
established using an NASA-wide prioritization process1 and, for the most part, these priorities have changed little —
thus allowing a consistent framework in which to fund and manage technology development. Technologies in the
portfolio include aerocapture, advanced chemical propulsion, solar electric propulsion and solar sail propulsion.

II. Aerocapture

Aerocapture technology uses the exchange of momentum between a spacecraft and an atmosphere to achieve
thrust, in this case a decelerating thrust, leading to orbit capture. This technique is very attractive since it permits a
spacecraft to be launched from Earth at higher velocities, thus providing a shorter overall trip time. At the
destination, the velocity is reduced by aerodynamic drag within the atmosphere. Without aerocapture, a substantial
propulsion system would be needed on 100%
the spacecraft to perform the same
reduction of velocity. This could cause
reductions in the science payload
delivered to the destination, increases in
the size of the launch vehicle (to carry
the additional fuel required for planetary
capture) or could simply make the
mission impossible due to additional
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The requirement to slow down a Figure 1: Aerocapture Benefits at Various Destinations
spacecraft non-propulsively can be
achieved in two ways. The craft can be enveloped by a structure with heat shielding applied to the external surfaces.
Another option is for the vehicle to deploy an aerocapture inflatable deceleration system as an inflatable ballute -- a
combination parachute and balloon made of thin, durable material.

A. Aerocapture Development Approach

Four different technology concepts are under consideration or development for aerocapture use: 1) a blunt body,
rigid aeroshell, 2) a slender body, rigid aeroshell, 3) trailing ballutes, and 4) attached ballutes.

The blunt body, rigid aeroshell system encases a spacecraft in a protective shell. This shell provides an
aerodynamic control surface and a means of protection from the high heating experienced during hlgh—speed
atmospheric flight. Once a space vehicle is captured into a planet's orbit, the aeroshell is jettisoned”.

The slender body configuration looks much like an elongated capsule, with a hard shell surrounding the
spacecraft. The design could provide increased volume in the interior of the spacecraft when compared to the blunt
body design, allowing for improved packaging of larger crafts. Because of its slender body shape, the system also
could provide increased tolerance for navigational and atmospheric uncertainties.

The trailing ballute features an inflated toroidal volume that is much larger than the spacecraft it is ‘trailing’,
much like a parachute, to slow the vehicle down. The trailing ballute design allows for easy detachment and
minimizis interference with the spacecraft's operation. The ballute itself is made of a lightweight, thin-film
material.

The attached forebody ballute looks much like the aeroshell or blunt body. It is often referred to as a hybrid
system, with a rigid foreshell and an inflated, attached ballute extending from either the front or back of the
spacecraft.’ The inflatable, attached ballute concept extends from a rigid nosecap and works much like a parachute,
providing a large surface area to slow the spacecraft down to allow for an aerocapture maneuver to occur. As the
spaceﬁcraft approaches a planet's atmosphere, the ballute is inflated and then jettisoned once the craft is captured into
orbit.

B. Aerocapture Technology Status

Aerocapture has never been flight tested. Relevant experience, however, exists from ablative entry capsules,
including the recent Stardust mission, a comet sample return mission to comet Wild 2, that provides an opportunity
for scientists to evaluate the re-entered aeroshell and its thermal protection system (TPS). Ablative entry
technologies have been used throughout the history of the U.S Space Program -- including the Apollo return capsule
and the Galileo Probe.

In the last year, several aerocapture TPS candidate materials, both ablative and non-ablative, have undergone
extensive arc jet testing. Advanced, lightweight structures have also been developed and are currently undergoing
testing. Both heat flux and recession sensors are also being developed; some have been integrated into TPS and arc
jet-tested. A 2-meter diameter carbon-carbon monocoque aeroshell was designed and manufactured by Lockheed
Martin, and plans for non-destructive load testing for this aeroshell are scheduled to begin mid-2006. Future plans
also include the manufacturing of a 1-m advanced, ablative aeroshell by Applied Research Associates that will be
thermally tested at the Sandia National Laboratories in August. The above technologies are applicable to rigid body
aerocapture concepts. Development of inflatable aerocapture technologies under ISPT began as concept definition
studies. Although the inflatable concepts show promise of further reducing the propulsive mass, advancements of
these concepts are not progressing at the same cadence as the rigid concepts due to funding limitations and their
lower technology readiness.

Aerocapture is one of five candidate technologies for the New Millennium Program ST-9 mission. ST-9 would
provide an opportunity to flight validate aerocapture computational modeling, design tools, and an integrated
aerocapture system for future mission applications.

III. Solar Electric Propuision

Solar Electric Propulsion (SEP) systems consist of several components: solar arrays, a power processing unit to
convert power to the high voltages required by the engine, the propellant delivery system, the gimbal system to
control the spacecraft, the thruster which includes a pair of negatively and positively charged grids, and the
propellant. ISPT is maturing SEP systems by increasing their power, Iy, and total throughput capability as well as
investing in technologies to lower the cost of SEP systems. NASA Glenn Research Center (GRC), the lead for
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NASA’s Evolutionary Xenon Thruster (NEXT), is developing a Prototype Model (PM) 40-cm thruster, an
Engineering Model (EM) Power Processing Unit (PPU), and an EM propellant feed system. These subsystem
components will be integrated and tested in a single string system test. Planned efforts include long duration life and
multi-thruster system testing. A new PPU for the state-of-the-art (SOA) NSTAR thruster that will share a'common
architecture with the NEXT is also being investigated for possible investment.

A. Solar Electric Propulsion Technical Approach

The electrostatic thrusters being developed rely on application of an electric field to accelerate the propellant
directly. The propellant is initially ionized and then injected across a voltage potential established between an anode
and cathode. The resulting force on the charged propellant ions accelerates them to high exhaust velocities. This
type of device can achieve very high specific impulse (3,000 to 12,000 seconds and above) and is ideal for missions
in which propellant mass must be minimized. These devices are generally limited to very low thrusts, but can
achieve extremely high vehicle velocities due to their efficient propellant utilization. Ion propulsion and Hall
thrusters fall in this category. The emphasis of the In-Space Propulsion Technology Program is on ion thrusters
though advancement of Hall Thruster technology is also part of the technology portfolio.

B. Solar Electric Propulsion Status

Ion engines have been demonstrated in space and are the primary propulsion system for NASA’s DAWN
mission. The first use of an ion propulsion system for primary propulsion was on the Deep Space 1 (DS-1) mission
in 1998. The Discovery Program mission, DAWN, is scheduled to launch in 2007 and will be propelled to both
Ceres and Vesta using NSTAR ion thrusters.

The ion engine on DS-1, NSTAR, jointly developed by NASA’s GRC, Boeing, and NASA’s Jet Propulsion
Laboratory was designed to operate for one year at its maximum power level of 2.5 kW. Over this time, the NSTAR
thruster used approximately 83 kg of xenon propellant. Several long duration tests were performed to make sure the
ion engine for DS-1 would last long enough to perform the mission. Beginning in the fall of 1998, the DS-1 flight
spare engine was placed in a long duration test at JPL with the objective of demonstrating that the engine could be
run for 150% of its design life. At the end of the JPL extended life test (ELT) in June, 2003, the NSTAR flight spare
engine had operated for more than 30,352 hours and processed more than 235.1 kg of xenon. Thls is by far the
longest-any rocket engine has ever been operated and corresponds to 283% of its original design life.”

The In-Space Propulsion Technology Program is currently advancing SEP technology with the development of
NEXT, which will demonstrate system level performance at power levels in excess of 7.0 kW. As part of the design
process, the NSTAR thruster ELT data and hardware were evaluated and that information used to significantly
contribute to improving the NEXT thruster design. -GRC also operated the NEXT 40-cm thruster for more than
2000 hours and identified additional design improvements for the prototype thruster now being incorporated into its
design.

Hall thruster technology development includes both the SOA and advanced state-of-the art (ASOA) High
Voltage Hall Accelerator (HiVHAC) thrusters, and both are scheduled to complete fabrication and undergo
performance testing in the summer of 2006. The ASOA thruster will begin long duration wear testing in the fall of
2006. The anticipated lifetime of the ASOA thruster is greater than 30,000 hrs; several factors greater than existing
technology. A decision will be made following the wear tests to determine if the ASOA thrusters warrants a full
system development.

IV. Solar Sail Propulsion

Solar Sails are Iarge, lightweight structures that achieve thrust by reflecting solar photons. Two different 20-
meter Solar Sail Systems were developed and successfully completed deployment and functional vacuum testing last
year in NASA Glenn's Space Power Facility at Plum Brook Station, Sandusky, Ohio. The sails were designed and
developed by ATK Space Systems and L’Garde, respectively. The sail systems consist of a central structure with
four deployable booms that support the sails. These sail designs are robust enough for deployments in a one
atmosphere, one gravity environment and are scalable to much larger solar sails — perhaps as much as 150-m on
each side.

First generation sails will vary in size from 100m — 200m, depending on mission destination, and typically would
be 3-axis stabilized. It would be compacted and stowed for launch. Once deployed, the sails would be supported by
ultra-lightweight trusses. Solar sails are composed of flat, smooth material covered with a reflective coating and
supported by the ultra-lightweight structures which are attached to a central hub. Near-term sails likely will use
aluminized Mylar or CP-1. Both are materials previously flown in space and are currently under test for long term
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exposure to relevant environments for potential Solar Sail Missions. More robust sails might use a meshwork of
interlocking carbon fibers.® , ,

A. Solar Sail Propulsion Technical Approach

There are four classes of solar sails, defined by their operating environments. A solar sail could fly in low earth
orbit, but it would need to be robust enough to withstand gravity and environmental loads greater than the other
classes. Missions to the outer solar system and beyond require further innovations in architectures and materials to
achieve those orbits within a reasonable trip time. While an interstellar probe is a notable, potential future mission
application for sails, it is a far term vision. The most near term applications are for heliocentric missions in the
Earth’s neighborhood (the earth-sun L1 libration point for example). This class is the current focus of NASA’s
investments. It will lead to the next generation solar sail which will enable a close approach to the sun (<0.25 AU)
where thermal and radiation environment will be more stressing.

NASA is concéntrating its development effort on the three-axis stabilized, square sails. This sail looks much like
a kite. Four booms extend from a central hub that houses the four triangular sail quadrants during launch.

B. Solar Sail Propulsion Status

Two teams were selected by NASA to lead hardware development activities that .culminated in ground
demonstrations of key solar sail technology systems. I.’Garde Inc., of Tustin, Calif., developed a solar sail system
that employs inflatable booms that are flexible at ambient temperatures but "rigidize" at low temperatures. Their
concept uses articulated vanes located at the corners of the square to control the solar sail attitude and thrust
direction. Able Engineering Company, of Goleta, Calif., developed a coilable longeron boom system that deploys in
space much the way a screw is rotated to remove it from an object.” Attitude control is achieved with sliding ballast
masses to offset the center of mass from the center of pressure of the sail. Roll control is achieved using spreader
bars at the tips of the mast which causes the sail to behave much like a pinwheel.

Both hardware vendors fabricated and tested 10-meter subscale solar sails in the spring of 2004. In 2005 they
conducted 20-meter subscale solar sail deployments at the Plum Brook facility. Solar sails are one of the candidate
technologies for the New Millennium Program ST-9 mission.

V. Advanced Chemical Propulsion

SOA chemical propulsion systems are performing at or near their theoretical performance limits and provide the
primary means of transportation for space payloads. The In-Space Propulsion Technology Program is working to
incrementally improve the performance of these systems in two key areas: lightweight components and advanced
propellants. In the area of lightweight components, the object is to decrease the mass of propellant and pressurant
tanks and to reduce the dependence on Multiple Layer Insulation (MLI) by advancing a potential alternative for
thermal and micrometeoroid protection. In the advanced propellant area, ISPT is working to increase the I, of SOA
earth storable bipropellant systems and determine their overall application to deep space exploration mission.

A. Advanced Chemical Propulsion Development Approach

NASA is investing in near-term, incremental improvements to SOA hardware and processes for in-space
chemical propulsion systems. Lightweight components development includes optimizing, designing and testing
cross-cutting propulsion components and subsystem technologies to reduce the overall system mass. The advanced
propellant work focuses on evaluating high energy storable propellants with enhanced performance for in-space
application as well as the development of supporting technologies that enable long-term storage of soft cryogens in
low-g environments.

B. Advanced Chemical Propulsion Technology Status

Various propulsion/mission analyses and trades were conducted for missions to prioritize candidate propulsion
technologies. The resulting strategy begins with improvements to today’s pressure-fed systems leading to steady
progress into future high performance systems that operate at higher pressures and temperatures. The current
lightweight tank task is focused on reducing the mass of the propellant tanks, since tanks get heavier at higher
pressures due to thicker walls. Improvements in bipropellant system performance can be harnessed without
compromising risk. Greater performance can also be obtained from high temperature engines. However, high
temperature thrusters lead the way to higher wall temperatures which must be addressed through improvements in
thermal design and advances in materials and manufacturing processes. Temperatures of chemical thrusters have
been limited by the traditional thruster chamber material, Columbium (Niobium), thereby constraining the
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propulsion system’s performance. Incorporating high temperature, oxidation resistant combustion chamber
materials, such as Iridium/Rhenium (IrRe) into innovative designs allows for higher chamber temperatures, leading
to higher performance engines. These advancements in thrust chamber materials along with advanced pressurization
and active mixture ratio control lead to an increase in I,. Combined with the development of more accurate flow-
rate and propellant gauging instrumentation, a significant reduction in the amount of on-board propellant may be
realized. Future plans include the advancement of higher pressure combustion chambers (pressure-fed and pump-
fed) and space storable propellants, both of which will increase the I, Additional development within the
Advanced Chemical Propulsion Area of the project includes work in aluminum loaded high I, gelled propellants
and Foam Core Shield micro-meteoroid protection systems.

V1. Conclusion

In the first five years the In-Space Propulsion Technology Program has made significant advancements toward
fielding the next generation of in-space propulsion technologies. With the manufacture of advanced electric
propulsion engines, solar sail systems, and advanced aeroshells for aerocapture, ISPT will have built a framework
for enabling or enhancing future robotic science and deep space exploration missions. The ISPT Project has reduced
the risks involved with first use of these new technologies by operating-life tests on the SEP engines, ground
deployments of subscale solar sails, as well as load and thermal testing performed on the subscale aeroshells. The set
of project technology investment priorities that were established using an NASA-wide prioritization process in 2001
has changed little, allowing maturation of technologies requiring sustained investment.
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